Configuration interaction method is used to calculate transition amplitudes and other properties of the low states of dysprosium which are used in cooling and in study of the time variation of the fine structure constant and violation of fundamental symmetries. The branching ratio for the cooling state to decay to states other than ground state is found to be smaller than 10 −4 . The matrix element of the weak interaction between degenerate states at E = 19797.96 cm −1 is about 2 Hz which is consistent with the experimental limit |HW | = |2.3 ± 2.9(statistical) ± 0.7(systematic)| Hz [A. T. Nguyen, D. Budker, D. DeMille, and M. Zolotorev, Phys. Rev. A 56, 3453 (1997)] and points to feasibility of its experimental measurement. Applications include search for physics beyond the standard model using the PNC isotopic chain approach.
I. INTRODUCTION
Atomic dysprosium is proved to be a valuable object to study fundamental problems of modern physics. It has been recently used in search for the time variation of the fine structure constant [1] , study of possible variation of the fine structure constant due to variation of the gravitation field [2] , measurement of the parity nonconservation (PNC) [3] , etc. Recent progress in trapping and cooling of dysprosium atoms [4] [5] [6] opens new exciting possibilities.
The most interesting feature of dysprosium which has inspired its use in the study of PNC and variation of the fine structure constant is the existence of two almost degenerate states of the same total momentum and opposite parity. Energy interval is so small that its actual value is determined by hyperfine structure and isotope shift. This leads to strong enhancement of both effects. The states are at the energy E = 19797.96 cm −1 and both have total momentum J = 10. Following Ref. [7] we use notation A for the even state and notation B for the odd state.
Another state of great interest is the odd state at E = 23736.60 cm −1 which is used in cooling. We use notation C for this state. Our present work mostly focuses on these three states while some other states are also considered.
The use of the rare-earth atoms, including dysprosium, in atomic PNC study was first suggested in Ref. [8] , and for the search of the time-variation of the fundamental constants in Refs. [9, 10] . Dysprosium was studied theoretically in our previous works [11] [12] [13] . The work of Ref. [12, 13] links the change of frequency of the transition between states A and B to the time-variation of the fine structure constant. It was used in Ref. [1, 2] for the interpretation of the measurements. In Ref. [11] we calculated the matrix element of the spin-independent parity-violating weak interaction between states A and B.
Dysprosium has many stable isotopes and is a good candidate to study PNC ratio for isotope chains. Such study may reveal important information on the physics beyond the standard model [14] . Accurate atomic calculations of the PNC effect are not needed for this study. However, reliable estimation of the effect is important to determine the feasibility of the measurements. The result of our previous calculations is A|W |B = 70(40) Hz [11] . Later measurements [3] lead to the limit A|W |B = |2.3 ± 2.9(statistical) ± 0.7(systematic). Although the measured value is not in strong disagreement with theoretical prediction, given the large uncertainty of the latter, the experiment did not confirm the large PNC effect that was hoped for in this system.
In present paper we revisited the PNC calculations and found that inclusion of more configurations pull the value of the weak matrix element down to about 2 Hz which is consistent with the measurements. The small value of the matrix element is the result of strong cancellation of different contributions. Dominant contributions are larger than the final result by more than order of magnitude. This means that further cancellation to even smaller number is highly unlikely and the measurements might be possible on about the same level of sensitivity which has been already achieved in Ref. [3] .
Another motivation for this work is due to dysprosium cooling at Berkeley [4, 6] and Urbana [5] . We study the cooling state C to find the branching ratio of the transitions from this state to the states other than the ground state and to the ground state. High value (≫ 10 −4 ) for this ratio would be a problem for cooling. Our present calculations show that the branching ratio is in fact smaller than 10 −4 .
II. METHOD
In present work we use the version of the configuration interaction (CI) method which was first developed for iron atom [15] and then used for other many-electron atoms including dysprosium [13] . See these works for the detailed discussion.
The effective Hamiltonian for N v valence electrons (N v =12 for dysprosium) has the form
h 1 (r i ) is the one-electron part of the Hamiltonian
Here α and β are Dirac matrixes, V core is Hartree-Fock potential due to core electrons and δV is the term which simulates the effect of the correlations between core and valence electrons. It is often called polarization potential and has the form
Here α p is polarization of the core and a is a cut-off parameter (we use a = a B ). Table I lists configurations considered in present work. The self-consistent Hartree-Fock procedure is done for every configuration separately. Then valence states found in the Hartree-Fock calculations are used as basis states for the CI calculations. It is important for the CI method that the atomic core remains the same for all configurations. We use the core which corresponds to the ground state configuration. Change in the core due to change of the valence state is small and can be neglected. This is because core states are not sensitive to the potential from the electrons which are on large distances (like 6s, 6p and 5d electrons). The 4f electrons are on smaller distances and have larger effect on atomic core. However, in all the cases (see Table I ) only one among about ten 4f electrons change its state. Therefore their effect on atomic core is also small. More detailed discussion on the effect of valence electrons on atomic core can be found in Refs. [16, 17] .
The form of the δV in (3) is chosen to coincide with the standard polarization potential on large distances (−α p /2r 4 ). We treat α p as fitting parameters. The values of α p for each configuration of interest are presented in Table I . They are chosen to fit the experimental position of the configurations relative to each other. For all configurations the values of α p are very close. This is not a surprise since the core is the same for every configuration. Small difference in α p for different configurations simulates the effect of incompleteness of the basis and other imperfections in the calculations.
To calculate electric dipole transition amplitudes, lifetimes, magnetic dipole and electric quadrupole hyperfine structure constants we use the time-dependent HartreeFock method (equivalent of the random phase approximation) combined with the CI technique, see Ref. [18] for a detailed discussion. Table II presents the results of calculations for the energies, g-factors, magnetic dipole and electric quadrupole hyperfine structure constants and lifetimes of some low states of dysprosium. This includes the degenerate states A and B, cooling state C and other odd states D to G which may also present an interest for cooling and quantum information processing [19] . Calculated values are compared with available experimental data. Good agreement for the energies is mostly due to the fitting. Theoretical uncertainty for the hyperfine structure constants is on the level of 20 to 30%. The uncertainty for lifetimes is determined by uncertainties for electric dipole transition amplitudes. The uncertainties for the amplitudes is also on the level of 20 to 30% with the exception of the extremely small amplitudes (≪ 1 a.u.) where uncertainty might be higher. The amplitudes are presented in Table III . Maximum disagreement between theory and experiment in Table II is for the lifetime of the state A where calculated value is two times larger than the experimental one. The lifetimes of the most of the states are sensitive to the mixing of the 4f 10 6s6p with other odd configurations. For example, the experimental lifetime of the state C is reproduced in the calculations when state C is a pure state of the 4f 10 6s6p configuration with very little admixture of other configurations. This has been achieved by properly choosing the fitting parameters α p (see Table I ). Table III shows decay channels for the states listed in Table II . The data is based on the calculated electric dipole transition amplitudes and experimental energies. No electric quadrupole or magnetic dipole amplitudes were taken into account. Test calculations show that their contribution is negligible. The analysis of the data for state A shows that it decays mostly to two states of the 4f 10 6s6p configuration. This is because the leading configuration of state A is the 4f 10 6s5d configuration and an electric dipole transition between the two states can be reduced to the allowed single-electron 6p → 5d transition. In contrast, transitions to the states of the 4f 9 5d6s configuration can only go via configuration mixing. The calculated lifetime of the state A is larger than the experiment. This means that the transition amplitudes are smaller. It is unlikely that the amplitudes of the transitions between state A and states of the 4f 10 6s6p configuration are underestimated. This is because the latter states are almost pure, with only about 3% admixture of other configurations. It is more likely that some of the other amplitudes are underestimated because of too small mixture of the 4f 5 5d6s 2 and 4f 10 6s6p configurations. The analysis of the decay channels of the cooling level C (see Table III ) also indicates the sensitivity of the data to the mixing of the 4f 5 5d6s 2 and 4f 10 6s6p configurations. Good agreement with experiment for the lifetime of the state C can only be achieved if this state is a pure state of the 4f 10 6s6p configuration. On the other hand, this state is very close to the states of the 4f 5 5d6s 2 configuration. Manipulating with the fitting parameters α p (Table I) can easily lead to a situation when the states of the two configurations are strongly mixed and the lifetime of the state C is larger than the experiment. Therefore, the lifetime of this state should be monitored in the fitting process.
III. RESULTS AND DISCUSSION
The data in Table III allows to estimate the ratio of the following probabilities: (a) decay of state C to all lower state other than the ground state, and (b) decay of the state C into the ground state. This ratio is (6±3)×10 −5 . The fraction of atoms lost into metastable states must be even smaller because the number above includes all channels of decay without considering which of them end up in a metastable state. However, some lower states quickly decay to the ground state and do not produce any losses. A more detailed analysis would require a lot of extra work, however it is not needed since the branching ratio < 10 −4 is sufficiently good for the cooling [5] . Table III also shows the data for states D-G which might be useful for cooling and information processing [19] .
Our calculated value for the electric dipole reduced matric element between states A and B is 0.024 ± 0.010 a.u. This agrees well with the experimental value of 0.015(1) a.u. from Ref. [7] . Note that this amplitude is zero in the non-relativistic limit. This is because states A and B have different spin (see Table II ) and electric dipole operator cannot change it. In relativistic calculations the amplitude is not zero. However, it is small and this small value is the result of strong cancellations between different contributions. Table IV shows the largest in absolute values contributions to the electric dipole transition amplitude between states A and B. All these contributions are due to the 4f -5d electric dipole transitions within the main configurations of states A and B. The sum is only 0.0017 a.u. which is more than an order of magnitude smaller than the final answer. The final amplitude is the sum of many smaller contributions which contain all possible single-electron transitions.
The situation is even more complicated for the matrix element of the weak interaction between states A Table V do not contribute. However, if e.g. the 4f 9 6s 2 6p configuration is not included, the weak matrix element becomes larger by more than four times. This configuration was missed in our previous calculations [11] which is probably one of the reasons of disagreement between theory and experiment. The result of Ref. [11] corresponds to the situation when the weak matrix element between states A and B is dominated by the contribution of the 4f 5/2 |H W |5d 5/2 singleelectron matrix element (first line of Table V) . This is in spite of the fact that most of the other configurations were also included. Probably incomplete inclusion of other configurations leads to underestimation of the configuration mixing which suppresses the contributions containing other single-electron matrix elements.
Our present result for the weak matrix element (2 Hz) is consistent with the experimental value of | A|H W |B | = |2.3±2.9(statistical)±0.7(systematic)| [3] . This is about 20 times smaller than the values of individual contributions (see Table V ). Since there is no law of physics to make this matrix element exactly zero we believe that any further cancellation which would make the result even smaller than 2 Hz is highly unlikely. This probably means that the measurements of the PNC effect can be done on about the same level of sensitivity which has been already achieved in Ref. [3] . 
